The performance of sealed cells comprising of a series of superlattice metal hydride (MH) alloys with compositions of Mm 0.83 Mg 0.17 Ni 2.94-x Al 0.17 Co 0.20 Mo x (Mm is a mixture of La, Pr, and Nd, x = 0.00, 0.05, 0.10, 0.15, and 0.20) was evaluated and compared against other substitutional elements, such as Fe, Mn, and Co. The capacities of cells with Mo-containing alloys are higher than the ones using Mo-free alloy due to the former's higher active material utilization in positive electrodes. Cells with alloy of x = 0.10 showed the highest capacity and high-rate dischargeability, the best low-temperature (−10 and −20 °C), and the longest cycle performance (C-rates charge and discharge). This level of Mo (x = 0.10) is effective in protecting the alloy surface from oxidation. The main failure mechanism of the sudden capacity drop for cells in this study is the venting of gas/ electrolyte mixture from the build-up of internal pressure; this is caused by a dense surface oxide layer formed on the MH alloy blocking the path for gas-recombination during overcharge.
Introduction
Misch-metal based superlattice metal hydride (MH) alloy has been widely used as the substitution of the commonly used AB 5 based alloys in nickel/metal hydride (Ni/MH) batteries in consumer [1−4] , transportation [5] , and stationary [6, 7] applications as a result of its relatively high capacity, better high-temperature [7] and low-temperature [8] performances, improved highrate dischargeability (HRD) [9] , low self-discharge [10] , and extended cycle life [11] . The name of the superlattice originates from the unique crystal structure comprising of alternating stacked A 2 B 4 and AB 5 slabs along the c-axis [10] . In order to further enhance the performance of these superlattice MH alloy based Ni/MH batteries, continuous efforts are focused on both chemical composition and manufacturing. The superlattice MH alloy in the first commercial product contained only Ni and Al in the B-site atoms [10, 12] . Mn and Co, two other commonly used B-site atoms in the AB 5 MH alloy, were not present in the original superlattice alloy to improve the self-discharge performance [10] . The influence on the hydrogen storage properties (both in the gaseous phase and electrochemistry) by elemental substitutions in Ni in the original formula with other transition metals, such as Mn [13] , Fe [14] , Co [15] , and Mo [16] were reported. The cell performances of the first three substitutions were also evaluated and summarized as follows: Mn improves the HRD by increasing the reactive surface area [17] ; Fe extends the cycle life by reducing the Al-leach from the negative electrode [18] ; and Co facilitates the low-temperature discharge reaction [19] . In this paper, the cell performance of the Mo-substituted superlattice MH alloy are evaluated and compared to the results obtained from other substitutions. As only the failure modes of Ni/MH batteries made from AB 5 MH alloys were reviewed [20] , a summary of failure modes of misch-metal based Ni/MH batteries with different chemical compositions is also included in this paper. The structural, gaseous phase hydrogen storage, and electrochemical properties of these multi-phase superlattice MH alloys previously reported [16] are summarized in Table 1 . As the Mo-content in the alloy increased, both the electrochemical capacity and half-cell HRD decreased, and the surface chargetransfer resistance first decreased and then increased. Twentyfive C-sized cylindrical Ni/MH cells were assembled from each alloy in this study with a 1.5−1.7 negative-to-positive (N/P) capacity ratio cell design. The negative electrode was prepared by dry compacting the alloy powder onto nickel mesh substrates, and a counter positive electrode consisted of a mixture of 89% Ni 0.91 Co 0.045 Zn 0.045 (OH) 2 alloy, 5 wt% Co powder, and 6% CoO powder pasted onto a nickel foam substrate. The separator Scimat 700/79 (Freudenberg Group, Weinheim, Germany) made from acrylic acid grafted polypropylene/polyethylene was used, and the electrolyte was 30 wt% KOH solution with additional LiOH (1.5 wt%). Cells made from MH alloys Mo1, Mo2, Mo3, Mo4, and Mo5 are named Cell Mo1, Cell Mo2, Cell Mo3, Cell Mo4, and Cell Mo5, respectively. The electrodes/separator assembly was coiled into a bundle and inserted into an empty Ni-plated stainless steel can, which was then filled with the electrolyte to the top, and allowed to rest for 30 min. before removal of the un-absorbed electrolyte by a pipetting. Electrochemical tests were performed using a Maccor Battery Cycler (Maccor, Tulsa, Oklahoma, USA). After the closing, the cells went through a formation process composed of six cycles of charging to 50%, 100%, 120%, 150%, 150%, and 150% of the calculated capacity at 0.1C rate and discharging to a cutoff cell voltage of 0.9V at C/5 discharge rate. A JEOL-JSM6320F scanning electron microscope (SEM, Tokyo, Japan) including energy dispersive spectroscopy (EDS) was used to study the failure modes of cells at the end of its cycle life.
Results and discussion

Cell Performance
Capacity and Rate-capability:Four different discharge rates (C/5, C/2, C, and 2C) were used to obtain the room temperature (RT) discharge voltage curves. For example, the curves for Cells Mo1 and Mo3 are presented in Figures 1 and 2 , respectively. As the discharge current (i) increases, the voltage (V) is suppressed by the internal resistivity (R) in the cell roughly following the eq. (1):
where V oc is the open-circuit voltage.
Concurrently, the discharge capacity obtained at the fixed cutoff voltage (0.8 V) decreases. In this batch of cell-builds, the weights of the positive electrode active materials remained unchanged. The utilization rate of the positive electrode active material is the highest in Cell Mo3 as observed from the highest discharge capacity obtained with the slowest rate (C/5), which is listed in the first data row in Table 2 . The capacities obtained at different discharge rates are plotted in Figure 3 and show higher values for cells made from Mo-containing alloys. The addition of Mo in the negative electrode appears to increase the utilization rate of Ni(OH) 2 in the positive electrode. The full-cell HRD is defined by the ratio of capacities obtained from the highest (2C) and the lowest discharge rate (C/5), and is listed in the second data row in Table 2 . The highest and lowest HRD values are from Cells Mo3 and Mo2, respectively, which show a similar trend to that for the mid-point voltage at a 2C rate (third row in Table 2 ). The initial decrease in the mid-point voltage from Cell Mo1 to Cell Mo2 is due to the lower gaseous phase desorption pressure for the latter (third row in Table 1 ). All cells except Cell Mo2 show similar mid-point voltages at different discharge rates ( Figure 4 ). The increase in mid-point voltage (and the related HRD) in Cell Mo3 is due to the increase in the Nd 5 Co 19 phase abundance, which contributes to a higher reactive surface area [16] . The decrease in HRD of Cell Mo4 and Cell Mo5 are due to their relatively low gaseous phase reversible capacities (second row in Table 1 ). To comparatively study different substitutional elements, in Figure 5 the full-cell HRDs are plotted against the amount of substitution, and show 4.7 at% Co, 4.7 at% Mn, and 2.3 at% Mo are the most effective in increasing the HRD.
The full-cell HRDs corresponding to the half-cell HRDs (seventh row in Table 1 ) in the superlattice alloys are plotted in Figure  6 and no clear correlation is observed. The correlation between these two HRDs is very clear for AB 2 and AB 5 MH alloys. For example, a linear trend between half-cell and full-cell HRDs can be found in cells made from a series of Zn-doped AB 2 alloys (AB 2 -Zn in Figure 6 ) from a previous study [21] . In the superlattice MH alloy, only cells made from Sm-based alloys in one annealing study [22] show a linear correlation (Sm-Ann in Figure 6 ). The lack of correlation between two HRDs for the cells made from substituted superlattice alloys could be attributed to the inconsistent alloy surface, which is highly sensitive to the amount of electrolyte. The interaction/poisoning to the positive electrode also affects the full-cell HRD, but this is negligible in the half-cell due to the over-capacity in the positive electrode. Therefore, the half-cell HRD is not an accurate predictor of the high-rate performance of sealed cells made from substitutional superlattice alloys.
Low Temperature: Low-temperature performance for cells at four different temperatures, −10, −20, −30 and −40 °C, were evaluated by charging at RT at a C/5 rate to 105% stateof-charge (SOC), cooling down, then measuring the discharge capacities. Two discharge voltage curves for Cells Mo1 and Mo3 are shown in Figures 7 and 8 , respectively. As the temperature decreased, the cell voltage was suppressed and yielded a lower discharge capacity with a fixed cut-off voltage (0.7 V in this case). The discharge capacities obtained at different temperatures are plotted in Figure 9 . Mo-addition in the Mm-based superlattice alloy improved the low-temperature performance of the Ni/MH cells, which is also observed in cells with AB 2 [23] , AB 5 [24, 25] , and La-based superlattice [26, 27] MH alloys. While Cell Mo3 gave the highest discharge capacity at −10 and −20 °C, Cell Mo5 was the champion at −30 and −40 °C. The effects of Nisubstitution (Mn, Fe, Co, and Mo) on the low-temperature (−10 ) performance of the cell are plotted in Figure 10 , and both 7.0 at% Co and 2.3 at% Mo (Mo3) have the greatest increase in capacity. The ultra-low-temperature (−30 °C) performance of the cells are plotted in Figure 11 , and are slightly different from those obtained at −10 °C. At −30 °C, 4.7 at% Co and 4.7 at% Mo (Mo5) show the greatest percentage increase in capacity.
The low-temperature normalized discharge capacity and specific power (HRD) in the Ni/MH batteries made from AB 2 and AB 5 MH alloys are usually highly correlated [28, 29] . However, the correlations between the low temperature (both −10 and −30 °C) normalized discharge capacity and the full-cell HRD for the substitutional superlattice alloys are not evident in Figures 12 and 13. For both AB 2 and AB 5 MH alloys, the low-temperature performance is dominated by the surface reactive area and surface catalytic ability, both of which are also the determinants for high-rate reaction. The lack of correlation between the normalized discharge capacity and HRD, as well as the superior low-temperature performance found in superlattice MH alloy, points to a new discharge mechanism at low temperature that requires further investigation.
Charge Retention: Charge retention performances were evaluated after 7, 14 and 30 days at RT storage. The initial capacity was obtained by a C/10 rate charge and a C/5 rate discharge to 0.8 V cut-off voltage. The cells were charged at C/10 rate in the beginning and then discharged at C/5 rate to 0.8 V at the end of the storage period. The normalized capacities for Cells Mo1-Mo5 are plotted in Figure 14 . As the Mo-content increases, the charge retention of the cell first decreased from Mo1 to Mo4, but increased for Mo5 which is higher than the base case for Mo1. The initial decrease in charge retention is due to the increase of reactive surface area as observed from the larger surface doublelayer capacitance in alloy Mo2 (11 th row in Table 1 ). Further increase in Mo-content boosted the charge retention, because of the formation of an oxide layer on the surface that is similar to Mo-doped AB 2 MH alloy [23] . The effects of different Nisubstitutions on the 30-day charge retention rate are compared in Figure 15 , and the best charge retention performance is achieved by a 4.7 at% Mn substitution (for Ni). Cycle Life: Cycling stability was evaluated using two testing schemes performed at RT: a regular one consisting of a C/2 rate charge and a C/2 rate discharge with a narrower -DV cutoff set at 0.3 mV (C/2-C/2), and an accelerated one with a C rate charge and a C rate discharge with a slightly wider -DV cutoff of 0.5 mV (C-C). The obtained capacity evolutions for C/2-C/2 and C-C cycling schemes are plotted in Figures 16 and 17 , respectively, and the results are summarized in the last two rows of Table 2. Cycling at a higher rate renders a shorter cycle life [17, 19, 22, 30] due to the heat generated from the internal resistance that leads to a shorter testing time. The capacity degradation of cells using superlattice MH alloys closely resembles cells made with AB 2 alloy [31] . The capacity degradation of AB 5 MH alloy is more gradual due to the loss in the negative electrode capacity from continued oxidation. Also, surface passivation in the AB 2 MH alloy is more abrupt near the end of cycle life, because of venting and electrolyte dry-out originating from a cell capacity imbalance [32] . It is unexpected to see a difference in capacity degradation trends between AB 5 and superlattice alloys, as both contain rare earth elements. In both cycling schemes, the cycle life first improved and then deteriorated as the Mo-content in the alloy increased. The best cycle life performances were obtained from Cells Mo4 and Mo3 for C/2-C/2 and C/C schemes, respectively. A study of the failure modes of these cells at the end of their cycle life are reported in the next session.
Failure Analysis
For the failure analysis, cells in this study can be categorized into three groups based on Mo content: cells with no or low Mo content (Mo1 and Mo2), with intermediate amount of Mo (Mo3 (Table 1) , which is more venerable to oxidation [34] . Similar first increase and then decrease in cycle stability with the increase in the Moamount were also reported before in the La-only superlattice MH alloys [35, 36] . Besides, the sudden drops in the capacity curves shown in Figures 16 and 17 indicate that venting with a consequent electrolyte dry-out is the major failure mechanism for cells. Similar sharp capacity drops are commonly observed for cells that employ AB 2 MH alloys due to poisoning of the positive electrode [31] . However, in the current study, the failure mechanism is via a surface oxide layer forming on the negative electrode that blocks the path for the recombination of oxygen gas generated from the positive electrode during overcharge. This consequently leads to accumulated pressure and eventual venting of the cell.
Positive Electrode: The cross-section SEM-BEI micrographs of Cells Mo1, Mo3 and Mo5 positive electrodes at the end of C/2-C/2 cycling tests are shown in Figure 19 . The occasional small bright spots are the undissolved Co additives. As opposed to what is usually observed for cells made with AB 5 MH alloys [33] , the spherical shape of the Ni(OH) 2 particles remained intact. The averaged Co, Zn, and Al-contents on a 200 µm × 200 µm area determined by the EDS analysis are plotted in Figure  20 . Considerable amounts of Al (1 to 5 at%) were found in the cycled positive electrode which were the product of corrosion leaching out of negative electrode. This amount of Al is not sufficiently large to cause the irreversible β-to-g transformation of Ni(OH) 2 (source of positive electrode disintegration) [37] . Positive electrodes cycled using the C/2-C/2 scheme showed higher Al-contamination compared to those using the C-C scheme, due to the former's longer testing periods (longer duration and larger number of testing cycles). The amount of Al found in the positive electrode decreased first and then increased as the Mo-content increases. This trend is consistent with that for degree of oxidation of the negative electrode, as discussed in the previous section. The evolution trends of Co-and Zn-contents in the cycled positive electrode are opposite to that of Al ( Figure  20 ). Severe Al-contamination reduced the Zn and Co atom percentage in the composition of the positive electrode, which could eventually lead to the loss of the Co-conductive network and possibly the formation of a Zn-containing micro-short in the separator [37] . Although Al-contamination is not the main failure mechanism in this study, it can still degrade the cycle stability if oxidation of negative electrode is suppressed by the addition of surfactant binder in the negative electrode paste [38] .
Separator: Cross-section SEM-BEI micrographs obtained from the separator region of Cells Mo1, Mo3 and Mo5 at the end of C/2-C/2 cycling test are shown in Figure 21 , with adjacent negative and positive electrodes located at the top and bottom of the figure, respectively. Significant debris is visible in the separator of these cells, especially Cell Mo3 with the largest number of cycles. Reduction of separator thickness is found for Cell 5 due to excessive loss of electrolyte. Distribution of elements in the separator region was further studied by EDS-mapping, and an example set of elemental mappings from Cell Mo3 is presented Note: C and C/2 within the parentheses denote C-C and C/2-C/2 cycling schemes, respectively in Figure 22 . In the separator, only a very small amount of oxide (or hydroxide) can be found. All particles trapped in this region contain mainly Ni and some rare earth elements. This is significantly different from most of the debris containing high Mn and Zn-content observed in other Mn-containing MH alloys [20, 30, 37, 39] . In this study, fine particles broke off from the negative electrode and did not form a micro-short conducting path. Therefore, we conclude that the separator region is not responsible for the fast capacity and cell life degradation in this study.
Failure Modes for Superlattice Alloys:
The effects of different Ni-substitution on the cycle life performance are compared in Figure 23 . Among these substitutions, 4.7 at% Co benefits the cycle stability by the largest amount. Compared to other substitutional elements, Mo has little influence on the cycle performance of the superlattice MH alloy, similar to the case of Mo in AB 5 MH alloys [24] . In both alloy families, Mo does not participate in the main phase, but rather segregates out to form its own secondary phase. On the contrary, Mo in an AB 2 MH alloy has a positive contribution to the cycle stability, owing to the incorporation of Mo in the AB 2 phase that improves corrosion resistance to KOH electrolyte [23] . Mo, as a top protective layer, also improves the cycle stability of a La 2 MgNi 7 superlattice alloys [40] . The failure modes of a few representative superlattice MH alloys used in the cell are listed in Table 5 . As the cycle life is a weak-link property (i.e., the weakest factor dominates the performance), the combination of multiple wellbalanced failure modes is more desirable. For example, cells with superlattice alloys having only Al and an intermediate amount of Co showed good cycle life performance with multiple failure modes and are considered well balanced among different failure mechanisms. In other cells with inferior cycle performance, results from the failure analysis can be used to identify the area that needs the most improvement. For example, methods to reduce the metal hydride alloy oxidation rate, such as addition of surfactant in the negative electrode paste [38] , addition of Y in either positive electrode or negative electrode [41] , and surface fluoride treatment [42−45] , should be considered to extend the life performance of this series of superlattice alloys.
Conclusion
In summary, among the four misch-metal based superlattice metal hydride alloys with partial replacement of Ni by Mo, Mn, Fe and Co, respectively, we found that although the Al-only alloy showed the longest cycle life, 4.7 at% Mo increased the high-rate dischargeability and −10 °C low-temperature performance, 4.7 at% Co rendered the best −30 °C low-temperature performance, and 4.7 at% Mn increased charge retention. Instead of applying a single composition for most battery applications, as in the case of AB 5 alloy, the composition of the superlattice alloys should be tailored based on the specific application requirement. As for the failure analysis, venting of the gas/mixture from the pressure build-up in the cell is the major failure mechanism; the accumulated pressure in the cell is caused by a dense oxide surface layer formed on MH alloy blocking the path for recombination of oxygen gas during overcharge. A modest amount of Mo (2.3 -3.5 at%) can slow down the oxidation of MH alloy; however, further reduction in oxidation rate by other means is still possible. Note: The first column lists the name of the alloy in the cited reference. Columns 3−7 are the atomic percentages of non-Ni B-site atoms. ED, MP, MO, and PS denote electrolyte dry-out, MH alloy pulverization, MH alloy oxidation, and positive electrode swelling, respectively
